Although murine models of colonic diseases are powerful, one limitation has been the large number of animals needed to complete an adequately powered study. Traditionally, experiments had a cross-sectional design in which mice from different groups were sacrificed at a set point in time, and the intestinal tract was examined at necropsy. This limitation has been overcome with recent advances in technology. A variety of imaging tools have been developed, allowing longitudinal assessment of the large intestine in animal models. Currently utilized methods include computed tomography (CT), magnetic resonance imaging (MRI), and direct visualization with colonoscopy. The ability to serially assess changes in the large intestine allows more detailed information about diseases to be gathered with a smaller cohort of experimental animals (Durkee et al., 2009) . This chapter will discuss the use of colonoscopy in rodent models of IBD and CRC. The method of performing colonoscopy in experimental animals will be described as well as the various adjuncts that can be combined with colonoscopy to enhance the amount of data that can be gathered. The strengths and limitations of colonoscopy will be discussed. Finally, colonoscopy will be compared and contrasted with alternative methods of imaging the large intestine, such as CT and MRI.
Colonoscopic technique
Colonoscopy is the gold standard for screening, evaluating, and potentially treating diseases of the colon, including IBD and CRC. In humans, this procedure in its current manifestation involves inserting a flexible endoscope through the anus, using compressed gas to insufflate the colon, and carefully advancing to the cecum and terminal ileum. The camera at the tip of the colonoscope displays images on a monitor. As the colonoscope is withdrawn, the colonic mucosa is carefully inspected. The colonoscope has channels allowing insertion of various tools (biopsy forceps, snare cautery, needles for injection, etc.), allowing collection of biopsies, removal or destruction of potentially neoplastic lesions, or other interventions. The power of this tool was recognized by researchers, and various groups have attempted to adapt it for use in animal models of IBD and CRC. Colonoscopy has been successfully adapted for use in rat models. Using modified bronchoscopes (Hull et al., 1990) or other small-caliber flexible endoscopes (Haughn et al., 2006) , total colonoscopy of the rat has been performed successfully, as well as other variations of this procedure (Zhang et al., 1994) . Colonoscopy in mice was first attempted with a pediatric cystoscope with good results, although because of anatomic and instrumental limitations, the entire colon to the cecum could not be visualized (Huang et al., 2002) . High resolution endoscopy can now be performed with colonoscopes designed specifically for work with rat and mouse models of colonic disease. Becker, Fantini, and Neurath published a description of high-resolution colonoscopy in live mice (Becker et al., 2006 ). This procedure is followed by our lab with modifications. We use the Coloview miniendoscope system (Karl Storz, Tuttlingen, Germany), which includes an colonoscope (0 degree, 1.5 mm, rigid) with operating sheath and light source, video monitor, and camera with the capability to record video as well as obtain still images during colonoscopy, and a small air pump. See Figure 1 for an illustration of the set-up that we use. The mouse is anesthetized with inhaled isoflurane, and is placed ventral-side down on an operating platform. An oral gavage needle on a syringe is used to introduce Dulbecco's phosphate buffered saline (PBS) via the anus as a pre-procedure enema for bowel preparation to ensure adequate visualization. This step can be repeated as needed to ensure adequate clearing of colonic contents prior to colonoscopy. We do not fast the mice prior or provide any additional bowel preparation other than the PBS enema, and we are nearly always able to obtain adequate visualization of the colonic mucosa. Note that we initially did fast the mice and provide oral NuLytely (an osmotic bowel preparatory agent), but we found that this step was unnecessary to obtain excellent visualization of the colon. The PBS enema also serves as lubrication prior to insertion of the colonoscope. The air pump is attached to the colonoscope to provide insufflation of the colon for adequate visualization throughout the procedure. Figure 2 shows an experimental mouse undergoing colonoscopy while under general anesthesia. The mouse colon has relatively simple geometry, unlike the tortuosity that is associated with the human colon. The mouse colon extends in a fairly straight line for approximately 4 cm cranially from the anus toward the left kidney, where it turns approximately 90 degrees and On the left is the portable tower containing the monitor, light source, camera, and computer used for recording and saving videos and still images. On the right is the benchtop set-up for colonoscopy in mice. A: air pump for insufflation of the colon. B: biopsy forceps. C: colonoscope with working sheath in place, connected to air pump (blue tube) and light source (gray cable). D: nose cone for administration of inhaled anesthetic attached to operating platform. E: PBS for pre-operative enemas. F: flexible catheter to be inserted through working channel of colonoscope with scale markings for standardization of images and in situ measurments. G: gavage needle attached to syringe with PBS for administration of pre-procedure enemas. H: soft brush for cleaning lens of colonoscope.
extends across the upper abdominal cavity, connecting with the generous mouse cecum near the right kidney. The colonoscope is carefully introduced into the anus and advanced about 4 cm, or until the first area of curvature of the colon (corresponding to the splenic flexure) while observing progress on the monitor. We typically record video and obtain still images as the colonoscope is slowly withdrawn. The entire procedure takes approximately 5 minutes or less. The mouse is then allowed to awake from anesthesia. Figure 3 demonstrates the appearance of normal mucosa on colonoscopic examination. This procedure is very well tolerated by experimental animals. However, some complications should be mentioned. Mice that are ill or moribund may not tolerate general anesthesia, so careful assessment of the animal's overall state of health should be made prior to the procedure. The wall of the colon is quite thin, so care must be taken not to cause perforation. Perforation can occur at the time of enema with the gavage needle or with the colonoscope. This injury is most likely to happen at the time of insertion, as inadvertent trauma to the colon becomes less likely under direct visualization. Care needs to be taken during insufflation as two potential complications could occur. Over-insufflation can cause air to travel throughout the length of the gastrointestinal tract to the point that gastric contents are forced up the esophagus and lead to aspiration. In addition, over-distention of the intestines can lead to respiratory compromise if the abdomen becomes sufficiently distended to affect diaphragmatic function. Such complications are rare for experienced operators. Incorporation of additional procedures, such as biopsies, during the colonoscopy has the potential to increase complications. Reported mortality rates range from <1% to 2.9% (Becker, 2005; Hensley, 2009 ).
Experimental uses and adjuncts
Colonoscopy allows visual grading of colitis and repeat assessment over time. Both video and still images can be obtained and stored for analysis. Scoring systems of colitis have been developed and published. The criteria that can be easily visualized include the thickness of the colon, changes in vascular pattern, presence of fibrin, mucosal surface granularity, and stool consistency (Becker et al., 2005 (Becker et al., , 2006 . In order to better visualize crypt patterns and detect aberrant crypt foci, which some consider early neoplastic lesions, the colonic epithelium can be stained with a 1% solution of methylene blue and then examined with the colonoscope. By performing this procedure, termed chromoendoscopy, according to previously published protocols, aberrant crypt foci can be identified that would be undetectable without staining, potentially enabling early recognition of pre-neoplastic lesions prior to tumor formation (Becker et al., 2005 (Becker et al., , 2006 . Colonic tumors that are at or distal to the splenic flexure (approximately the distal 3-4 cm of colon) can be followed serially by colonoscopy. This allows study of the natural history of tumors. Figure 4 demonstrates the progression of a single tumor in one mouse over the course of four months. Several groups have published methods of visually grading the size of tumors assessed on colonoscopy. Becker and colleagues have published a method of scoring tumor size relative to the lumen of the insufflated colon (Becker et al., 2005) . However, the still images must be taken at a consistent distance from the tumor and the colon must be consistently insufflated in order for meaningful comparisons to be made between time-points. Hung and colleagues describe using the relative lumen size of a fully insufflated colon as a normalization factor when obtaining images (Hung et al., 2010) . Various tools can be inserted through the working channel of the colonoscope to provide a visual frame of reference and guide for standardization of view. A tool that has a known diameter and has markings at set intervals can be used to quantify the size of tumors seen on endoscopy. Hensley and collegues have described a method using biopsy forceps. The 1-mm-diameter flexible metal biopsy forceps was inserted through the working channel of the colonoscope and advanced until it was visible in the field of view adjacent to the tumor. Still images were taken in this configuration, and the images were analyzed using a specifically written software program that allowed estimation of the tumor size by performing geometric reconstruction based on the position of the cylindrical forceps relative to the adenoma (Hensley et al., 2009 ). We use a flexible embolectomy catheter that has been marked at 1 mm intervals to standardize our images (see item F in Figure 1 ). Biopsy forceps are available from Karl Storz which can be passed through the instrument channel of the operating sheath. Using these small, flexible forceps, tissue can be taken from tumors or areas of colon wall thickened by colitis. Figure 5 demonstrates the endoscopic biopsy of a single tumor in an experimental mouse. Care must be taken, however, not to biopsy normal colonic mucosa as the colon wall in the mouse is quite thin, and biopsies of this tissue would have an unacceptably high rate of perforation. Biopsies can be snap frozen with liquid nitrogen, placed in stabilizing media, or fixed in formalin for immunohistochemistry, molecular analysis, hematoxylin-eosin staining, or other biomolecular studies (Becker et al., 2005 (Becker et al., , 2006 . In addition, Becker and colleagues have described directly injecting individual tumors with reagents via a small-gauge needle under endoscopic guidance. They inserted a 26-gauge needle mounted on a small tube through the working channel of their endoscope and injected fluorescein isothiocyanate into a tumor under direct visualization. On necropsy, the tumor was dissected free from the mouse colon and cryosections were analyzed by immunofluorescence, which showed fluorescein isothiocyanate throughout the tumor (Becker et al., 2005) . An exciting recent development in small animal research is the use of bioluminescent and fluorescent molecules to image diverse cellular, molecular, and tissue processes. Fluorescent probes have been developed for specific antibodies, protein ligands, and other substrates (see Citrin & Camphausen, 2004, and Luker & Luker, 2008 , for reviews of these techniques). These technologies can be combined with endoscopy to provide real-time imaging of fluorescent probes to detect perfusion and protease activity, as was demonstrated by Funovics and colleagues with their miniaturized multichannel near-infrared endoscope. They designed an endoscope that also allowed simultaneous fluorescent imaging of murine colonic tumors, allowing them to superimpose fluorescent perfusion and protease activity over white-light images (Funovics et al., 2003) . This method has been shown to be useful for imaging adenomas as well as adenocarcinomas (Funovics et al., 2006) . Hung and colleagues have reported using protease-activated synthetic probes to identify colonic lesions with near-infrared colonoscopy (Hung et al., 2010) . Fluorescent probes such as this may prove useful in identifying early neoplastic lesions that are not easily visible on white-light endoscopy or in monitoring action of novel preventive or therapeutic agents.
Strengths and limitations

Strengths
Utilizing colonoscopy in mice has a number of distinct advantages. One of the most striking is the ability to monitor changes in colonic pathology over time. Within the same mouse, the initiation and evolution of colitis as well as response to treatment can be followed. Similarly, tumors can also be followed longitudinally, potentially from their earliest manifestation and as they progress from a benign to invasive state over time. This allows the study of a single tumor in a single mouse over time. Researchers are able to gain valuable information about the morphology of the tumor, i.e. flat vs. pedunculated, smooth vs. lobulated, as well as visualize vascular patterns in and around the tumor mucosa. Small sessile lesions that are missed on other in vivo imaging modalities can be easily identified on colonoscopy. Additionally, tissue can be obtained by biopsy at multiple time points for histology as well as for molecular analysis. Prior to use of colonoscopy, in order to study the natural history of colonic disease, multiple mice would have to be sacrificed at various time points, and the results of the examinations aggregated. With colonoscopy, diseases such as colitis or colon neoplasm can be studied at multiple time points in the same mouse, allowing the mouse to serve as its own control, thereby eliminating variation owing to genetic and environmental effects. In addition, being able to serially study the same mouse greatly reduces the number of mice needed in order to design an adequately powered study (Becker et al., 2005 (Becker et al., , 2006 Durkee et al., 2009; Hensley et al., 2009) . Colonoscopy in mice is a relatively simple and cost-effective procedure that is well-tolerated by experimental animals. Colonoscopy is portable and relatively inexpensive, although there is an initial cost to purchase the equipment. Other methods of imaging murine colonic disease, such as microCT colonography or MRI, require more expensive scanners as well as a dedicated space for the necessary equipment.
Limitations
There are significant limitations of colonoscopy that deserve discussion. Although colonoscopy is a relatively safe procedure, there is still an associated morbidity and mortality, as discussed earlier in the section on colonoscopic technique. There are also limitations inherent in the procedure itself. The quality of the data gathered by colonoscopy is operator-dependent, and there is a learning curve before the scope can be safely and effectively used. The images that are obtained are two-dimensional, so estimating the volume of a tumor is difficult. Most significantly, current technology only allows visualization of the distal half (3-4 cm) of the mouse colon. A flexible colonoscope that can be used safely in mice is unavailable, which means that any lesions proximal to the splenic flexure are inaccessible in vivo.
Comparison to other imaging modalities 4.1 Micro-computed tomography colonography
A number of methods for imaging the colons of experimental mice are becoming available. Micro-computed tomography (mCT) colonography is a useful tool for examining colonic disease, in particular neoplasia. Also known as virtual colonoscopy, this modality uses xrays to image the colon and surrounding tissues, and can be used to generate either twodimensional or three-dimensional reconstructions of individual tumors. Virtual colonoscopy has been shown to be an accurate screening tool for detecting colon polyps in humans (Kim et al., 2007) , making its utilization in murine experiments very clinically relevant. Several groups have modified this technology for use in the mouse, allowing longitudinal study of mouse models of colonic disease (Durkee et al., 2010) . Choquet and colleagues have used mCT with luminal and intraperitoneal contrast to detect azoxymethane-induced cecal heterotypia and colon tumors. They identified 9 of 9 areas of heterotypic thickened cecal wall and 11 of 11 colon tumors with no false positives (Choquet et al., 2007) . Pickhardt and colleagues showed that by modifying feed and providing bowel preparation with an osmotic agent, mCT could detect colonic tumors ≥2mm in maximum diameter with 93.3% sensitivity and 92% specificity (Pickhardt et al., 2005) . These investigators went on to demonstrate tumor volume measurements by mCT were accurate predictors of actual tumor size (Durkee et al., 2008) . Good quality mCT scans had a mean standard deviation in tumor volume measurements of 8%, meaning that changes in tumor volume of >16% are detectable with a 95% confidence interval. Thus, colon tumors can be reliably identified and followed over time by mCT in order to determine if they grow, regress, or remain static either spontaneously or in response to therapy (Durkee et al., 2009) . This imaging platform is very powerful when testing therapeutic interventions. mCT colonography offers several advantages over colonoscopy. This is a non-invasive procedure, so there is minimal risk of morbidity or mortality to the experimental animals, although general anesthesia and colonic insufflation are not without risk. Current technology allows three-dimensional rendering of tumors, allowing accurate measurement of volume, as opposed to the size estimates that can be made using flat two-dimensional images from colonoscopy (Durkee et al., 2008) . Importantly, the entire colon from cecum to anus can be assessed by mCT colonography, rather only the distal 4 cm as is currently visible on colonoscopy. In addition, extracolonic manifestation of disease, specifically metastatic lesions, can be seen on mCT in vivo. There are advantages offered by colonoscopy, however. Compared to mCT colonography, colonoscopy is faster (an average of 5 minutes versus 20 minutes), requiring less time under anesthesia for experimental animals (Durkee et al., 2009) . The equipment and set-up for colonoscopy are also less expensive than mCT, both in terms of actual hardware required as well as the dedicated space needed for a CT scanner. Colonoscopy is also able to detect small or sessile tumors that are not visible on mCT colonography, which relies on the contrast between the appearance of colonic contents and tissue structures, and is thus unable to detect lesions <2mm or flat lesions. Colonoscopy can also be used to monitor colonic inflammation, which is not easily appreciated on mCT colonography. mCT colonography does employ ionizing radiation, and the length of the scan currently exposes experimental animals to approximately 0.25 Gray, which is to up to 10 times the amount used on humans. The effects of this level of radiation on mice are unknown. Finally, colonoscopy offers the opportunity to perform additional procedures concurrently under direct visualization. mCT colonography does not offer the opportunity to obtain biopsies, perform in vivo staining as with chromoendoscopy, or add any of the other adjunctive procedures discussed above.
Magnetic resonance imaging
Another imaging modality used to study colonic disease is magnetic resonance imaging (MRI). Hensley and colleagues described a protocol whereby the entire colon is visualized by MRI. Using this imaging platform, polypoid tumors 1.5 mm in largest dimension could be reliably identified, with 17 correctly identified tumors, 2 false negatives, and 2 false positives. Volumes of the tumors were estimated from MRI and correlated well with tumor weight (Hensley et al., 2004 ). Young and colleagues were able to accurately measure the volume of polypoid colonic tumors at multiple time points (Young et al., 2009 ). Estimates of cross-sectional area made on colonoscopy, MRI, and necropsy were compared by Hensley and colleagues, and were found to have a strong correlation (Hensley et al., 2009 ). In addition to colon tumors, numerous investigators have demonstrated that colitis can be visualized on MRI. A number of groups have been able to appreciate acute experimentally induced colonic inflammation when imaging mice after treatment with dextran sodium sulfate, a commonly used agent to model acute colon inflammation in the mouse. Acute inflammation seen on MRI was confirmed on histological examination of the colon after sacrifice (Larsson et al., 2006; Melger et al., 2007; Mustafi et al., 2010; Young et al., 2009 ). The colon wall thickness, T2-weighted imaging, and quantitative analysis of contrast uptake and wash-out were all significantly different in inflamed colons. These studies show that MRI colonography is a viable option for longitudinal study of experimentally induced colitis, allowing the longitudinal study of inflammatory colon diseases (Larsson et al., 2006; Melger et al., 2007; Mustafi et al., 2010; Young et al., 2009) . MRI colonography offers the same advantages over colonoscopy that mCT colonography does with the additional advantage that no ionizing radiation is used. However, there are reasons to choose colonoscopy over MRI. MRI colonography requires the use of contrast agents, either intravenously, intramuscularly, or rectally; in addition to being difficult to administer, the exact effects of these agents on experimental mice are unknown. As with mCT, set-up and maintenance of an imaging facility are expensive. MRI is also less than ideal for identifying flat tumors when compared to colonoscopy as these are not as readily apparent as polypoid tumors. 
Conclusion
Colonoscopy is a powerful tool for studying pathology in mouse models of colonic disease. This is a safe, relatively quick procedure that enables researchers to study the natural history of colonic diseases, to visually assess response to therapeutics or interventions, and to obtain tissue from living animals. By allowing serial examinations of the colon, it decreases the number of mice needed to adequately power a study. Colonoscopy can be combined with staining techniques or fluorescent probes to gather data about a variety of cellular, molecular, or tissue processes simultaneously. Colonoscopy is comparable to other imaging modalities available to study the murine colon, such as mCT or MRI colonography.
